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1 EXECUTIVE SUMMARY

In response to the National Highway Traffic Safety Administration Authorization Act of 1991,
the agency initiated research programs concerning motor vehicle rollover protection. As part of
that research, the agency has conducted a crashworthiness research program to evaluate ways to
reduce the number of fatalities due to gjection. The program was expanded from side impact

gjections to include gjections from rollover, front, and rear impacts.

An average of 7,492 people are killed and 9,211 people are seriously injured each year in
passenger cars, light trucks and vans because of partial or complete g ection through glazing. Of
these, 4,557 fatalities are associated with vehicle rollovers. Advanced gjection-mitigating glazing
at theright and left front side windows could save 1,313 lives saved and 1,290 serious injuries
prevented per year.

From an economic standpoint, the total cost per year to society will be between $563,463 and
$931,827 per life saved, depending on the material selected by the manufacturers. This estimate
is based on an estimated annual incremental cost of $768,000,000 ($48 per vehicle for front, side
windows) if trilaminate glass-plastic-glass was used to $1,270,080,000 ($79 per vehicle for

front side windows) if rigid plastic was used.

Computer smulations and component testing show that head injuries may increase with the use
of some alternative side glazings. For impacts into some such glazings, there appears to be very
little increase in HIC value over those produced from impacts into standard tempered glass. For
others, there may be an increase of 500 or more (as measured by the free-motion headform in 24

kmph impacts).

We recommend continuing research to further evaluate the safety potential of advanced glazing
materials and to measure the performance characteristics of the prototype systems. These studies
include expanded computer modeling beyond rollover type accidents, to planar accident

smulations, testing repeatability and reproducability, development of injury criteria, full scale
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vehicle testing, and additional vehicle design testing. We also recommend soliciting additional
automotive industry cooperation in the development and testing of modeling techniques, test

procedures and vehicle designs.
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2 BACKGROUND

2.1. ANPRM On Side Impact Ejection in 1988

The National Highway Traffic Safety Administration (NHTSA) published two Advance Notices
of Proposed Rulemaking in 1988 announcing that the agency was considering making a proposal
of requirements for passenger vehicles intended to reduce the risk of gectionsin crashes where
the side protection of the vehicle was a relevant factor. One notice (53 FR 31712, August 19,
1988) dealt with passenger cars. The other notice (53 FR 31716, August 19, 1988) dealt with
light trucks. The agency reported that a significant number of fatalities and serious injuries

involved the partial or complete gection of occupants through the doors or side windows.

The agency reported at that time that based on the 1982-1985 Fatal Accident Reporting System
(FARS) that 19.5 percent of the fatalities each year were from complete ejection and 4.3 percent
were from partial ejection of the occupant through glazing. Data from the National Crash
Severity Study (NCSS) showed that for passenger car occupant fatalities involving egjection, 34
percent were g ected through the side windows. Several studies had shown that ejection increases
the probability of an occupant's death or serious injury several times over that of non-ejected

occupants.

NHTSA believed that new side window designs, incorporating different glazing/frames, may be
ableto reduce the risk of gjections. The agency pointed out that windshields already contained
an inner layer of plastic that mitigated glection. It was thought that either trilaminate windshield-
type glass or side glass with an additional layer of plastic may be suitable materials to mitigate
gection. The agency also suggested amethod of anchoring these glazings to the window frame.
The plastic portion of the glazing would have to be encapsulated in aframe. The frame could be

designed to accommodate movable windows.

At that time, NHTSA suggested that one performance approach would be to use a 40-pound
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glazing device, requiring that the device not penetrate the plastic layer of a side window at 20

miles per hour, an estimated typical contact speed.

Numerous comments were received on the 1988 ANPRM. Magjor issues were raised concerning
the proposal. First, the safety benefits were not quantified. The injury criteria were not specified
for side impact. The practicability of glazing designs were questioned and had never been
demonstrated. The cost was considered high. And finally, there was no objective, repeatabl e test
procedure proposed.

Not only wasit not clear that ejection mitigating plastic would reduce injuries and fatalities, but

guestions arose as to whether this material would actually increase injuries.

The head injury criteria (HIC), neck load, and lacerations were discussed by the commenters.
The HIC values for side impact had not been shown to correlate to actual injuries. Also, since
the agency was proposing to use a heavier test device than is currently used for HIC, there had
not been any development of the HIC for these heavier test devices. Ford suggested that neck
loads should be measured. Even though this may not prove to be practically difficult, it was an
issue that was brought up and will have to be addressed. Finally, one glass manufacturer
suggested laceration be measured. The commenters reported that there were significant
practicability problems with glazings that would be used in gection-mitigating designs. The
materials that are currently being considered for gection mitigation did not appear to be
sufficiently durable. Also, there had not been any production of an ejection-mitigating

encapsulated design by a vehicle manufacturer.

The National Highway Traffic Safety Administration Authorization Act of 1991 mandated that
the agency initiate rulemaking on rollover protection. To fulfill this requirement, the agency
published an Advanced Notice of Proposed Rulemaking (ANPRM) on January 2, 1992, (57 FR
242) to solicit information concerning rollover crashes, to assist the agency in planning a course

of action on several rulemaking alternatives. Forty-two comments were received from vehicle
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manufacturers, safety groups, retailers of aftermarket automotive equipment, automotive

consultants, and a concerned citizen.

Subsequently, a Rulemaking Plan titled "Planning Document for Rollover Prevention and Injury
Mitigation Docket 91-68 No. 1" was published for public review on September 29, 1992, (57 FR
198). The planning document outlined crash avoidance and crashworthiness rulemaking
approaches to reduce rollover-related injuries and fatalities. This document included a section

concerning ejection mitigation using glazing.

Three comments were received on the glazing program: Motor Vehicle Manufacturers
Association (MVMA), Chrysler Corporation (Chrysler), and Mitsubishi Motors Corporation.

MVMA stated:

"MVMA also agrees with NHTSA that additional research is needed before rulemaking
is proposed on glass-plastic glazing or door latches. The practicability of glass-plastic
glazing needs to be established. Although the laboratory tests have indicated possible
benefits of plastic glazing, it has not been shown that existing materials are appropriate
for usein all windows or that existing manufacturing technology will support large-scale
production. Consumer acceptance also is unknown. Both practicability and feasibility
need to be demonstrated before broad rulemaking occurs. MVMA has petitioned NHTSA
to amend existing rules to allow promising new plastic glazing materials to be used by
manufacturersin fixed or hinged windows rearward of the B-pillar. The experience with
the new materials needs to be evaluated before NHTSA proposes further regulatory

action."

Chrysler commented:

"Chryder has supported the MVMA petition to NHTSA to amend the current rules to add
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to the variety of plastic glazing materials that are available to vehicle manufacturers for
windows behind the B-pillar. The experience with these applications should be reviewed

before additional rulemaking on plastic glazing is undertaken."

"The practicability of the use of glass-plastic glazing materials in movable side windows
has not been established. It is one thing to support a piece of glass-plastic glazing in the
side window opening of a vehicle to demonstrate in alaboratory test that it can retain an
occupant, and quite another to produce in significant volume a movable window assembly
with that capability. The glazing must be supported on at least three sides so that, even
when partially open, the plastic inner layer can still serve as a"net" to impede occupant
gjection. The side supports have to be parallel, which dictates a divider bar and a
triangular vent window in front doors. The divider bar reduces visibility through the
window opening and affects outside rearview mirror placement and visibility with the

mirror...."

"Chryder supports NHTSA's objective to reduce injury by reducing g ection of occupants
inacrash. The available evidence overwhelmingly shows that most gjected occupant are
unbelted. The primary countermeasure for gjection should be to increase occupant belt

use."

Finally, Mitsubishi commented:

"Aswe mentioned earlier, an increase in seat belt use has the potential to be extremely
beneficial in reducing rollover fatalities. For this reason alone, NHTSA should enact
more aggressive efforts to increase the seat belt use rate for passenger cars and light

trucks."

"The addition of a frame around the glazing is under investigation by NHTSA as a

possible method for preventing ejections. We believe there are numerous problems
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associated with thismethod and they still need to be examined, such as whether this will
impede the driver's field of vision, whether a glass/plastic glazing within a frame will
smoothly and easily elevate and descend in the door throughout the vehicle life, and
whether this method will be cost effective. We believe it is premature to make any
rulemaking on thisuntil seat belt usage rates are substantially increased: only then can it

be determined if such rulemaking would be cost effective."

On July 1, 1994, the agency created a cross-agency research team to expedite the research and

analysis of the problem of vehicle gjection out of glazing. This Advance Glazing Research Team

has developed analytical and research tools to evaluate the problem of gjection, and to measure

potential mitigating designs. The team has initiated a multi-pronged approach on analyzing

advance glazing. The following activities have been conducted.

Developed and built an impactor that can project 18 kg (40 pounds) at 24 kmph (15
M PH).

Developed full-vehicle computer models and finite element material models (FEA)
Monitored technological developments.

Manufactured and tested prototype encapsul ated windows, mounted into modified doors.
Conducted a cost-and-lead-time analysis

Conducted a benefit analysis

These issues will be discussed in more detail later in the report.






3 SAFETY NEED

3.1 Summary

Partial or complete occupant gections out of windows were associated with 7,492 fatalities, 25
percent of all light vehicle fatalities in 1993. Of these fatally-injured occupants, 3,536 were
completely egjected out windows and 3,956 were partially gected out windows. In rollover
accidents, glazing-related partial or complete gections accounted for 4,557 fatalities, or 51
percent of the rollover fatalities 1993. A total of 18,912 people per year were completely g ected
out of glazing. Sixty-seven percent of the non-windshield glazing ejections are out of the front,

side windows. The highest number of injuriesin gjectionsis head injuries.

3.2. General Ejection Statistics

The agency conducted areview of the number of injuries and fatalities associated with gjections
from light motor vehicles, and more specifically, through motor vehicle windows (glazing). The
1993 Fatal Accident Reporting System (FARS) data and the 1988 through 1993 National
Accident Sampling System (NASS) data were used. The FARS database includes a report of
each fatal crash in the 50 states and the District of Columbiathat occured on a public access road.
The NASS database is based on a detailed sampling of accidents by 24 field research teams
reviewing about 6,000 light vehicle crashes a year.

Firgt, dl gection-related fatalities were identified, regardless of the route of gjection. The 1993
FARS indicated 29,998 people were killed as occupants of cars, light trucks, passenger vans, or
utility vehicles. Twenty-seven percent of these fatalities were reported to have been gected from
their vehicles; 22 percent were completely gected and five percent were partially gected.
Partia gection is defined as having some portion of, but not all of, the occupant's body outside
of the motor vehicle during the crash. The FARS data are shown in Table 3.1.



Table 3.1: Ejection Status for Occupant Fatalities
in Light Passenger Vehiclesin 1993 FARS

Event Fatalities Percentage
Not e ected 21,812 73%
Completely gected 6,580 22%
Partially gected 1,482 5%
Unknown whether ejected 124 -
Total 29,998 100%

The more-detailed NASS data indicate the annual average fatality estimate derived from the
1988 to 1993 data are about 17 percent lower than that from FARS. [In 1993, the FARS system
reported 29,998 people killed, while the NASS data system estimate for fatalities for 1993 is
24,838 people. NASS data are most useful in showing percentages of distributions of
subcategories of the crash events. Therefore, in the following analyses and discussions, the total
number of fatalitiesidentified in the FARS database will be used as the total and the percentages
from the NASS database will be used for the sub distributions of this total.

The NASS data used for thisanalysis, include glazing-related g ection injuries for motor vehicles
with Gross Vehicle Weight Ratings (GVWR) of 4536 kilograms (10,000 pounds) or less.

Twenty-one percent of occupant fatalities were complete gections from the vehicles (Table 3.2);
this is essentially the same as the percentage indicated by FARS (22 percent). However, the
NASS data suggest that FARS is unable to identify about two-thirds of the partial gjections; 16
percent of fatalities were estimated to have been partially eected based on detailed NASS
investigations, compared to only five percent reported in FARS. In total, 37 percent of the
fatalities were related to partial or complete g ections through all vehicle openings, for an annual

average of 10,919 people per year.
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For NASS reports of non-fatal serious injuries (Accident Injury Severity (A1S) 3 or greater)® ,
the percentages of complete and partial gjections are markedly less; 8 percent of the seriously
injured survivors had been completely ejected and 6 percent of the seriously-injured were
partialy gected. This may be an indication that when someone is gjected from the vehiclein a
crash, thereisahigh likelihood of death. An estimated two percent of all occupants of all light
vehicles that were in towaway crashes (without regard to injury outcome) were gjected. An
estimate of the distribution of gjection-related injuriesislisted below.
Table 3.2: Ejection Status for Involved Occupants
All Portals, in Light Passenger Vehicles,
Annual Average for 1988-1993 NASS, Adjusted to 1993 FARS

Fatalities

Cases Estimate Percentage
Not ejected 1,867 19,079 63%
Completely gected 583 6,205 21%
Partially ejected 303 4,714 16%
unknown 88 distributed distributed

Seriously Injured

Cases Estimate Percentage
Not ejected 4,036 68,550 86%
Completely gected 452 6,684 8%
Partially ejected 167 4,563 6%
unknown 106 distributed distributed

L Abbr evi at ed Injury Scale, 1990 Revision" Association for the

Advancenent of Autonotive Medicine
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All Occupants
Cases Estimate Percentage
Not €jected 65,722 4,191,430 98%
Completely gected 1,930 37,122 1%
Partially ejected 876 23,878 1%
unknown 1,300 distributed distributed

An average of 61,000 partial and complete gections out of light motor vehicles occured in 1993,
based on the average of the 1988 through 1993 NASS fatalities, weighted to the 1993 FARS data.

3.3 Fatalitiesand Injuries, Related to Glazing Ejections

In total, there was an average of 7,492 fatalities and 7,982 severe injuries attributed to partial
or complete gection out of glazing, based on an average of the 1988 through 1993 NASS with
fatalities, weighted to the 1993 FARS data.

Table 3.3 shows a breakdown of the injury severity, by partial or complete gjection.

For the purpose of this analysis, severe injuries will include AIS 3 through AIS 5 injuries, and

minor injuries will include AIS 1 through AIS 2 injuries.

Table 3.3 Injury Severity, by Ejection Type Out of Glazing
Annual Average for 1988-1993 NASS, Adjusted to 1993 FARS

Fatality Severe
injury
Complete gject 3536 3717
Partial gject 3956 4265
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Total 7492 7982

Table 3.3 illustrates that both partial and compl ete gjections present a safety problem, moreover,
partial ejection causes a slightly elevated problem for injuries.

Figure 3.1

Glazing-Related Fatalities, 1993 FAR
Based on 1988-1993 NASS Distribution

Completely Ejected (3,538

artially Ejected (3,956)

7

All Other Fatalities (22,506)

In Figure 3.1, note that partial or complete gections out of light vehicle windows were associated
with 25 percent of al light vehicle fatalities. Additionally, these gjection paths are associated
with 10 percent of all seriousinjuriesin 1993. Looking at the fatality rate of occupants that were
involved in non-gection-related events and comparing the fatality frequency to the fatality
frequency of ejection-related accidents, it is seen that the fatality rate for ejected occupantsis 37
times higher, than for non-gected occupants. A detailed discussion and analysis of the
survivability of non-gjected occupants will be presented in the benefit analysisin Chapter 9 of

this report.

3.4 Glazing Ejection Routes

For the 37,122 complete gections annually, 18,922 people (51 percent) were gected out of

windows (see Table 3.4). The most common window ejection routes are the right and left front
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side windows, comprising 37 percent of all gjections. The left and right side front windows
congtitute 67 per cent of the non-windshield glazing gjections. The HPR windshields, that were
designed to mitigate gjection still account for 8 percent of the complete gections. Glazing is the
portal for 91 per cent of partial g ections. Thisincludes 24 percent who were partially g ected

out the windshield and 59 percent who were partially ejected out a front side window.

Table 3.4: Ejection Route for Occupants Ejected
from Light Passenger Vehicles, Annual Average
for 1988-1993 (NASS)

Complete Ejection Partial Ejection

Cases | Estimate | Percent Cases Estimate  |Percent
Windshield 143 3,097 8 204 5,728 24
Front Windows 475 10, 627 29 446 14,155 59
Back Windows 82 1,487 4 38 635 3
Backlight 117 2,903 8 32 1,021 4
Roof Window 31 743 2 8 314 1
Other Glazing 5 55 0 0 0 0
Not Glazing 808 18,211 49 108 2,023 9
Unknown Route 269 (distributed) 40 (distributed)
Subtotal-Glazing 853 18,912 51 728 21,853 91
Totals 1930 37,122 100 876 23,876 100

The magjority of the 10,919 partial and complete ejection fatalities per year are through glazing.
On the average 7,492 people per year are killed involving various forms of glazing ejections;
3,536 people per year are completely ejected out of glazing and die and 3,956 people annually
are partially gjected out of glazing and die. Of these, 2,278 of the complete g ection fatalities and
3,146 of the partial egjection fatalities, totaling 5,424 lives, were attributable to the left and right

front side windows.



In Table 3.4, two percent of the partial and complete gections were attributable to roof
openings. But in 1993, 12 percent of all automobiles had a roof opening (not including
convertibles). If every automobile had a T-top or a sunroof, the number of ejections would
increase dramatically. For example, there are 743 + 314 = 1,057 partial and complete g ections.
If this were expanded to every light motor vehicle, there theoretically would could theoretically
be over 9,000 roof gjections per year. This points out that roof openings are highly susceptible

to ejections because of the direct gjection path for the driver and right front passenger.

3.5 Rollover Versus Non-Rollover Crashes

Asindicated previoudly, this research supports the agency's efforts concerning mitigating rollover
accidents, injuries and fatalities. From the 1988 through 1993 NASS data with fatalities,
weighted up to the 1993 FARS data, of the 4,252,440 occupants per year involved in tow-away
accidents, 378,994 occupants were involved in rollover accidents. Of these, there are 8,929

rollover-related fatalities, from all sources.

Of theserollover fatalities, 4,557 are due to complete or partial gjection out of glazing (See Table
3.5). The remaining 21,069 fatalities in 1993 were attributed to planar (side, front or rear)
crashes.
Table 3.5: Fatal Glazing Ejections
Annual Average for 1988-1993 NASS, Adjusted to 1993 FARS

Rollover Planar Total
Complete Ejection 3,016 520 3,536
Partial Ejection 1,541 2,415 3,956
Totd 4,557 2,935 7,492

Asnoted in Table 3.5, gections are not uniqueto rollover. There are 2,935 complete and partial
gjection fatalities in planar (non-rollover) crashes. Thus, 7,492 people a year are killed in

accidentsinvolving partial or complete gections out of glazing. Sixty-one percent of the glazing
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gjection fatalities are related to vehicle rollover and 39 percent are due to non-rollover, planar
crashes. Asnoted in Figure 3-2 and Table 3.4, approximately the same number of people are
killed in rollover complete gjections out glazing and as those killed in non-rollover partial
€j ections out glazing.

Figure 3.2

Fatal Glazing Ejections
1993 FARS ('88-93 NASS Distribution)

4000
3000

2000

1000
0 idl Eject.
Rollover Acc. omplete Eject

Planar Acc.

3.6 Vehicle Type
An analysis was conducted concerning the magnitude of gections, by vehicle type. There were
an average of 61,000 partial and complete gections per year, as of 1993. Over 40,000 partial
and complete gections per year were out of glazing. Table 3.5 identifies the quantity of ejections
by vehicle type.
Table 3.5 Glazing Ejections by Vehicle Type.
Annual Average for 1988-1993 NASS, Adjusted to 1993 FARS

partial eject complete | total eect all crashes | Eject percent
gject
passenger 15,643 11,593 27,236 3,371,127 .8%
car




utility 1,128 1,905 3,033 154,014 1.9%
vehicle
vans 730 1,108 1,830 183,732 1.0%
pickups 4,333 4,265 8,598 528,331 1.6%
other 19 61 80 15,237 5%
total 21,853 18,932 40,785 4,252,440 1.0%

3.7 Injuriesby Body Regions

Rulemaking also looked at the body regions involved in serious injuries (AlS 3 and greater). For
complete and partial gections, the greatest number of injuries from all vehicle contact sources
isto the head.

For complete gjections, head injuries account for 65 percent of the injuries. The next most
common injury site isthe arms, accounting for 18 percent, then torso, legs, and finally the neck.

Neck injuries are only 3 percent of the injuries.

The windshield with its penetration resistant qualities, accounts for about half of the head injuries,
even though only 8 percent of the complete gections are through the windshield. Also, the
windshield is implicated slightly more often in neck injuries, four percent versus three percent
among all gjected occupants. It is not clear whether this is a manifestation of the penetration
resistance of the glazing or the kinematics of an gjection out of the windshield. Tempered glass
windows which shattered during the initial stages of the accident do not cause a significant

number of head injuries.

For partial gjections, head injuries constitute 73 per cent of the injuries (even for the tempered

windows.) Neck injuries account for an additional 6 percent of these injuries.

3.8 Belt Use VersusEjection



Previously, the agency has shown that virtually all people being ejected are unbelted. In one
analysis’ the agency determined the belt use of gjected drivers, using the 1989 FARS data. That
study indicated 98 percent of the completely-gjected drivers and right front passengers were
unbelted.

In order to determine the affect of increase safety belt use on the reduction of occupant gjections,
an analysis was performed, comparing the two sets of data. As shown in Figure 3.3, to date,
increased safety belt use has not caused a concurrent decrease in gected, fatally-injured

occupants .

Figure 3.3

2"Occupant Ej ections from Li ght Passenger Vehicles", Table 7, Susan C
Partyka, NHTSA, Docket 88-06-No. 3-044

3Nat i onal saf ety belt use derived fromthe "19-City Surveys" and current
state-reported data. Belt use in fatal accidents, and ejection in fatal
accidents derived fromthe Fatal Accident Reporting System

3-10



Complete Ejection Versus Belt Use

FARS Data, 19-City Survey and State Belt Use
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4. ADVANCED SIDE GLAZING SYSTEM

This section describes an integrated system for automotive sidelites used in the Advanced Side
Glazing Team'’s research for occupant gection mitigation. The research objectives bring
together the technologies of glass makers, polymer resin suppliers and automotive modular
window suppliersin ajoint effort to develop a cost effective occupant retention glazing system
with the capabilities to meet the performance criteria.  The success of the side glazing modular
system to contain the targeted energy levels is highly dependant upon how well the applied
energy is transferred from the glazing material to the door frame without encountering failure
of the glazing material, failure of the adhesive bond between the glazing material and the
framing module, or failure at the framing module/window channel interface. Currently,
tempered glass is used in automotive side windows, which offers virtually no resistance to

occupant g ection.

4.1 Side Glazing Candidates

The advanced glazings used in this research incorporate three material constructions. The first
construction involves a glass-plastic formulation (hereafter referred to as bilaminate) in which
athin plastic film is bonded to the glass. In these formulations, the plastic film actually consist
of two or more polymers bonded together resulting in desired performance properties. The
second construction is similar to conventional windshields in which aplastic film is laminated
in between two glass layers (hereafter referred to as trilaminate). The third construction is a
monolithic rigid plastic that has been covered with an abrasion resistant coating and
thermoformed to match the curvature of the tempered glass part. The various glazing designs
provide the Advanced Glazing Team a wide range of material properties and characteristics to

study for a better understanding of containment capabilities.

Previous research has been conducted on two of the advanced glazing formulations. In the early

1980's the NHTSA began research on bilaminate glazing to evaluate its potential for reducing
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occupant gections as well as lacerations. Clark and Sursi’s original work involved different
glass-plastic formulations supplied by Saint Gobain Vitrage and E.I DuPont de Nemours and
Company™.

These early candidates were based on plastic formulations designed for anti-lacerative
windshields but applied to tempered side glass. To date, considerable research has been
conducted by these and other companies resulting in new side glazing concepts. The following

isabrief overview of the alternative side glazing concepts used in this study.

4.1.1 Dupont's Bilaminate Glazing

The E. |. Dupont Company's bilaminate formulation is shown in Figure 4.1. This product has
been commercialized since its evaluation in NHTSA’ s earlier glection mitigation research and
isknown as Sentry-Glas. It consists of alayer of polyvinyl butyryl (PVB) bonded to a 4.0 mm
thick piece of tempered glass. PVB is used exclusively in windshields because of its energy
absorption characteristics. Research has shown that the thicknessof PVB will affect Head Injury
Criterion (HIC) values. Bonded to the PVB is alayer of polyethylene terephthalate (PET), a

3.9 mm Tempered Glass

0.76 mm Polyvinyl Butyral

0.15 mm Polyester

/¥ Abrasion Resistant Silicon Hard Coating

Figure4.1 Dupont’s Bilaminate Glazing Candidate

L Clark, C. C., Sursi, P.L., “The Ejection Reduction Possibilities of Glass-Plastic Glazing”, SAE Paper
840390, February 1984
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polyester known as MY LAR which provides some level of abrasion resistance. For additional

wear resistance, a proprietary hard coating has been added.

4.1.2 Saint-Gobain Vitrage's Bilaminate Glazing

Saint-Gobain began applying soft plastic to glassin 1976 when they introduced the idea of an
anti-lacerative windshield. Today, Saint-Gobain offers bilaminate side windows to European
automotive manufacturers as an anti-theft device. They have also performed significant research
in passenger containment areas. Their concept, shown in Figure 4.2, shows a 1.0 mm film made
from two formulations of polyurethane. The inner polyurethane layer is formulated to have high
energy absorption characteristics. The outer layer provides scratch and abrasion resistance. A
characteristic of the polyurethane is that it tends to recover when deformed. Once the surfaceis

punctured, however, permanent deformation will occur.

3.2 mm Tempered Glass

Polyurethane Film with Energy
Absorption and Abrasion
Resistance Capabilities

Figure 4.2 Saint Gobain’s Bilaminate Glazing Candidate

4.1.3 Monsanto's Trilaminate Candidate

The Monsanto Chemical Company has supplied a trilaminate glazing concept shown in Figure

4.3. The laminate consisting of two 1.85 mm annealed glass plys sandwiching a 0.76 mm film
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of PVB. The PVB in Monsanto's advanced glazing is commercially known as "Saflex" and is
found in many of today's windshields. According to Federal Motor Vehicle Safety Standard
(FMV SS) No. 205, this configuration is defined under Item 2, laminated glass, which is currently
alowed in side windows. When shattered, annealed glass yields larger and sharper fragments
than tempered glass. Monsanto has reported that they are working on a version of this

configuration in which the external glass layer is tempered.

1.85 mm Annealed Glass Ply

0.76 mm Polyvinyl Butyral Interlayer

1.856 mm Annealed Glass Ply

Figure 4.3 Monsanto’'s Trilaminate Candidate

4.1.4 AGP'sTrilaminate Candidate

Advanced Glass Products have a product known as "Noviflex 1-2-1" that has been installed in
side windows as aretardant to theft. The manufacturer has stated that some domestic automotive
manufacturers have evaluated Noviflex in side windows with regards to injury criteria.  The glass
on each side of the Noviflex plastic (anylon) is chemically tempered, which is not as strong as

fully (heat) tempered glass. The candidate is shown in Figure 4.4.
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1.65 mm Chemically Tempered Glass

1.93 mm Noviflex Plastic

1.55 mm Chemically Tempered Glass

Figure 4.4 AGP s Trilaminate Candidate

4.1.5 Rigid Plastic Glazing Candidate

Therigid plastic aternative is shown in Figure 4.5. The Bayer Corporation has supplied 3.0 mm
thick panels of their Makrolon polycarbonate thermoformed to the profile of the Ford LTD. The
GE Plastics Division has supplied 4.6 mm flat panels of their Lexan polycarbonate. These panels
have been cut and shaped to match the tempered sidelight of choice. The surfaces are coated with

Polycarbonate Rigid Plastic

Thermosetting Silicone
Resin Coating

Figure4.5 Rigid Plastic Candidate

atransparent primer and thermosetting silicone resin (polysiloxene) known as Silvue 211 from
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SDC CoatingsInc. The coating provides increased resistance to abrasion, scratches and chemical

deterioration. Rigid plastics are currently restricted to areas not requisite for driving visibility.

The material thicknesses shown depict the configurations as they were tested in the research. The
thickness of each material will influence its performance in a component level test. Therefore,
the thickness of the respective layers of materia shown here may change as performance criteria
are further defined.

4.2 Window Encapsulation

The manufacture of automotive modular windows has increased dramatically the last ten years.
Modular windows increase assembly productivity through ready-to-install automotive glazings
and permits the glazings to be mounted flush to the vehicle. A growing portion of rear quarter
windows, windshields and back lites are supplied as modules which can be directly attached to
the body sheet metal of an automobile. Modular windows are made by encapsulating the
window’s perimeter with a plastic frame usually made of polyurethane or polyvinyl chloride
(PVC).

In Clark and Sursi’ s earlier work, it was reasoned that the greatest penetration resistance would
result if the load was transferred to the window frame. The edges of the glass-plastic windows
were encapsulated with a polyurethane mold. The “T” shaped mold restrained the glazing edges
within the window frame resulting in increased penetration resistance. This new system also
permitted the window to be raised and lowered in a conventional manner. Full window
encapsulation with solid steel rod and tube reinforcements was required to contain the target
energies. The success of these efforts proved challenging and difficult in transferring the applied
load from the plastic film to the frame without encountering either rupture of the film membrane
or delamination of the T-edge material. As a result, the difficulty of achieving an adequate
adhesion between the glazing material and edge profile limited the energy containment

performance.



Excel Industries, a modular window supplier, was contracted to fabricate tooling and provide
the cold pour urethane parts that were manually bonded to the glazing material with a urethane
adhesive. These parts did not represent the manufacturing process which would be used to
produce partsin production volumes. Asaresult, Excel initiated a program to design and build
aproduction level mold to manufacture encapsulated Ford LTD windows using the T-edge design
concept from earlier NHTSA work. The result is a reaction injection molded (RIM)
polyurethane system. The mold provides the flexibility to encapsulate from one to four sides of
the LTD window, and through the use of removable inserts, other edge profiles can be designed
into themold. As part of their program, Excel has demonstrated that a sufficient bond strength
can be obtained between the polyurethane edge and the various glazing materials under

investigation to meet the requirements of this early ejection reduction research.

Excel Industries has been contracted to encapsulate the various advanced glazings. Because their
origina T-edge design extended beyond the glass edges, it would prevent the modular glass from
easily being reinstalled inside an existing LTD door without major modifications to the door

FORD LTD DOOR FRAME
AT "B" PILLAR

BILAMINATE GLAZING —\

\{

NEW ENCAPSULATION MOLD— /
(L-EDGE DESIGN) | y
< EXISTING ENCAPSULATION MOLD
(T-EDGE DESIGN)

Figure 4.6 Modified Encapsulation Edge vs. Existing T-edge Design
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frame. A new edge was conceived that would not add to the width of the glass, allowing the
modular glazing to be set inside the existing window frame. In addition, this new “L-Edge” does
not impede the ability to raise and lower the glazing. Figure 4.6 illustrates the difference between

the edge designs.

After discussions with modular glazing suppliers, it was concluded that it would be highly
desirable to have a modular glazing structure with containment capabilities in which the top
horizontal edge did not require framing. This configuration would seem to be more acceptable
to automobile manufacturers for future designs of flush mounted side glass systems. The
advanced glazings in the Ford LTD configuration were therefore encapsulated only along the two
vertical edgesasshown in Figure 4.7. Although the LTD sidelite is no longer in production, the
shape represented by the two vertical edges represents a large mgjority of sidelite designs in
today’ s vehicles. With 45 percent of the glazings perimeter being constrained (this includes the

Figure 4.7 Two-Sided Encapsulation Ford LTD Sidelite



bottom edge of the glazing which is attached to the window regulator), the performance of the
glazing module was assessed as aworst case. In addition, no reinforcing rods were used to add

stiffness to the polyurethane frame.
4.3 Modified Ford LTD Side Door

Modifications to the window frame were required to accommodate the modular glazings and to
transfer the load to the vehicle door. The Ford LTD window frameis aroll formed frame section
in which the sidelite is contained in U-shaped channels as shown in Figure 4.8. This rather
simplistic design along with the L-edge section design affords a simple modification in which 20
gage sheet metal is bent around the interior side of the U-channel and welded in place. The frame
was modified only along the vertical edges of the frame above the belt line. The window frame
modification is shown in Figure 4.9. Although it was necessary to remove the weatherstripping,

this modification did not restrict the window’ s ability to be raised and lowered.

B )

Figure4.8 Ford LTD Window Frame (Roll Formed Frame Design




FORD LTD DOOR FRAME
AT "B" PILLAR

BILAMINATE GLASS

\

DIRECTION <%ZZ££
OF ,"/,“\

IMPACT

/{
ENCAPSULATION MOLD SECTION

RETAINER SECTION ATTACHED AFTER
MODULAR GLAZING INSTALLATION

Figure4.9 Ford LTD Window Frame Modification
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5. BIOMECHANICAL ISSUES

When considering the use of gection mitigating glazings in the side windows of passenger
vehicles, there are a few biomechanical issues that should be addressed. These include issues
concerning the measurement of head, neck, and laceration injury potential from contact with such
glazings. Current side glazings are tempered glass, and while they offer little protection against
occupant gjection, they also produce little risk of causing a serious head or neck injury to an
occupant from impact with the glass. Due to the fracture characteristics of tempered glass, there

isalso little risk of serious laceration.

5.1 Head Injury

There are several concepts for g ection mitigating side glazings currently being explored. Asa
consequence of this safety feature, some of these glazings may be stiffer or may produce head
loading over alonger period of time than traditional tempered glass windows, thereby increasing
the risk of serious head injury. For this reason, the Advanced Glazing Research Team is

exploring methods for measuring the head injury causing potential of these glazings.

The free-motion headform (FMH) established for use in the recent upgrade of FMVSS 201 is
currently being evaluated for use in this program® (see Chapter 7). The FMH is aHybrid 111 head,
modified for use as a free-motion impactor. It is unattached from the neck and body of the
dummy and has aweight of 4.5 kg (10 Ib). Tri-axial accelerations of the headform center of
gravity are measured, from which a HIC value can be calculated (hereafter referred to as FMH
HIC).

The HIC-1000 criterion was established for use with a full dummy to evaluate the threat of
serious head injury from an impact to the front of the head. For this reason, the HIC-1000

1 FMVSS 201 Final Rule; Volume 60, Number 160; Docket Number 92-28, Notice 4; August 18, 1995.
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criterion should not be directly applied to the FMH HIC. First, head impacts to side glazings
generally occur to the side of the head. It iswell accepted that the side of the human head has
a lower injury threshold than the front of the head. That is, a blow to the side of a head will
generally produce a more severe head injury than would that same blow to the front of the head.
Unfortunately, there is no established side head injury criterion available for use in this program.
Therefore, head injury causing potentia will likely be evaluated in terms of frontal impacts. The
agency has previously concluded that the incorporation of gection mitigating windshields would
not increase the occuance of blunt impact trauma to the head?. Another possibility is to limit

FMH HIC based on the performance of existing side windows and front windshields.

Second, since the FMH is not attached to the neck and body of the dummy, a blow to the FMH
may produce a different resultant acceleration (and thus, HIC value) than would that same blow
to the head of afull Hybrid 111 dummy. To account for this difference, the FMH HIC must be
transformed to an equivalent full dummy HIC (hereafter referred to HIC(d)). This same approach
was used in evaluating the FMH HIC for the upgrade to FMVSS 201%. That transform,

established for upper interior impacts, is not necessarily valid for use in glazing impacts.

The reason for thisis that the head of afull dummy is attached, but not rigidly, to the neck and
body of the dummy. For avery short duration impact, the head acts as a free body, not being
influenced by the neck and body. In this case, there should be little difference in the acceleration
responses of the FMH and the full dummy head. Asthe impact duration increases, the influence
of the neck and body increases, thus potentially creating a larger difference between the
acceleration responses of the two surrogates. Upper interior impacts are typically of a5 to 15

milliseconds duration, depending on the stiffness of the impact surface. Glazing impacts have

2 Kahane, C, “An Evaluation of Windshield Glazi ng and Installation Methods for Passenger Cars’
NHTSA report no. DOT HS 806-693, February, 1985

3 Willke, Donald T.; “Upper Interior Head Protection, Volume l1: Fleetwide
Characterization and Countermeasure Evaluation”; Report Number DOT-HS-807-866;
November 1991.



notably longer durations, typically 80 to 100 milliseconds, depending on the type of glazing.
Therefore, it cannot be assumed that the transform used for upper interior impactsis valid for

glazing impacts.

At thistime, a FMH-to-full dummy HIC transform has yet to be established for use in the
glazing program. Therefore, the HIC valueslisted in later sections of this report are FMH HIC
values and should not be evaluated using the HIC-1000 criterion.

5.2 Neck Injury

Since gjection mitigating glazings will generally allow for greater contact time between
the head and glazing than conventional side windows, there is a potential for an increased risk
of serious neck injury from such contact. This possibility is being examined in this research
program. The approach isto compare the neck loads and moments of afull dummy from impacts
into gection mitigating glazings to those into baseline windows (ie. closed tempered glass and
fully open windows), using both testing and computer modeling. In addition to directly
comparing the loads and moments measured during the tests, the relative severity of these

measurements will be estimated using the injury assessment reference values defined by Mertz*>,

The current approach in this research program is to evaluate the ejection mitigating
potential of glazings using an 18 kg guided impactor (see Chapter 7) and to evaluate the head
injury causing potential of glazings using the FMH. Neither of these procedures allows for the
measurement of neck loads. If research shows that there is no increased risk of serious neck

injury from the use of gection mitigating glazings, then the measurement of neck loads during

4 Mertz, H.J.; Injury Assessment Values Used to Evaluate Hybrid |11 Response M easurements;”
Attachment I, Enclosure 2 of GM submittal concerning the use of the Hybrid 111 in FMV SS 208; February
1984.

® Mertz, H.J. and Patrick, L.M.; “Strength and Response of the Human Neck;” Fifteenth Stapp Car
Crash Conference; SAE paper number 710855; 1971.
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glazing impacts will not be necessary. If there are indications of an increased risk, then other

procedures may be considered.

5.3 Laceration

There are concerns that the use of some types of gection mitigating glazings may increase
therisk of lacerative injuries. Since such injuries are relatively minor (AIS 1 or 2), thisissue has
not been given as high a priority asthe investigationsinto head and neck injuries. Though minor
in nature, facial lacerations can be disfiguring, so there are plans to explore lacerative injuries
further. Although NHTSA has not currently accepted the available methods for measuring and
evaluating the severity of lacerations, one or two promising methods will be explored in this

program.
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6. SSIMULATIONSOF ROLLOVER ACCIDENTS

6.1 Objective

The objective of this project was to use computer simulations to estimate the injury potential and
retention capability of alternative glazing materialsin crash events. The computer simulations
can provide a viable means for predicting occupant motion during rollover crashes. It allows
extensive parametric studies with perfect repeatability. The computer simulations were set up
to study the kinematic and dynamic motions of the vehicle and its occupant in selected rollover
crashes. The simulations presented in this report are not exact reconstructions of a specific

rollover accident, but are intended to be representative of real world accidents, generally.

6.2 Introduction

In this study three rollover crashes were modeled in which an occupant was ejected or made
severe contact with the side glazing. These accidents were National Accident Sampling Systems
(NASS) investigated cases. Two of these accidents were single vehicle rollover crashes. A
vehicle handling simulation software, VDANL *, was used to reconstruct the vehicle motion up
to the point where the vehicle started to roll. The linear and angular velocity at the end of the
vehicle handling smulation was then used to drive aMADY MO lumped parameter model of the
vehicle to compute its complete rollover motion 2. A simple one segment MADY MO model of
the vehicle simulated the interaction of the vehicle with the ground during the rollover [Figure
6.1]. Finally, the motion of the vehicle obtained from the MADY MO vehicle model was used
to driveaMADY MO occupant simulation to calculate the injury parameters [Figure 6.2]. The
occupant simulation calculates the interaction between the occupant and the vehicle' sinterior,

including the glazing, and predicts the resulting injury parameters.

1 VDANL software user’s manual V2.34, STI, 1992

2MADYMO User'sManual V5.1, TNO, 1994
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Figure 6.1. MADY MO vehicle model Figure 6.2. MADY MO occupant model

A matrix of occupant simulation runs was established to study each rollover crash. The
parametric simulations were carried out by substituting the contact characteristic (force deflection
function) of each type of glazing for the side window. Additionally, a simulation with no glazing
was run to model the tempered glass that was broken due to the ground impact. Roof crush was
ignored in all the simulations. Hence, the injury caused by the roof deformations were not
accounted for in this study. The MADY MO simulations conducted in this study are discussed

in the following sections and the matrix of parametric runsis shown in Table 6.1.

Table 6.1 Matrix of parametric simulation runs

Belted Unbelted
No glazing X X
Tempered glass X X
Rigid plastic X X
Laminated Safety Glass X X
Dupont’s glass-plastic X X




6.1.1 Material Models

In MADY MO the contact forces between the segment (occupant’s body) and planes (vehicle
interior) are assumed to be functions of penetration value. For each plane segment contact a
Force .vs. Deflection function is defined. The Force-Deflection Functions (FDF) for the
following glazing materials were used in the computer modeling.

1. Tempered Glass: The tempered glass is typically used for side window glazing. The
properties were taken from reference 32,

2. Polymethyl methacrylimide(PMMI): PMMI is a rigid plastic glazing material. These
properties were taken from reference 3.

3. Laminated Safety Glass: Impact tests were conducted on several Jeep windshields with 5.9
kg, 9 kg and 18 kg impactor at 16 kmph and 32 kmph. The FDF used for this study are typical
for a5.9 kg impactor test at 16 kmph.

4. Glass-Plastic: The glass-plastic glazing simulated in this study was DuPont’s bilaminate
glazing. The glazing consists of alayer of polyvinyl butyral (PVB) bonded to tempered glass.
A layer of polyethylene terephthalate (PET), is bonded to PV B to provide some level of abrasion
resistance. The FDF for the glass-plastic glazing material was obtained from an 18 kg guided
impactor test at 24 kmph. The glazing was rigidly fixed at all the edgesin the test. Additional
simulations are planned that will use properties measured from recently conducted tests on the

door mounted glazings (see section 7.0)

6.1.2 Injury Criteria

To estimate the severity of neck injuries, values obtained from the simulations were compared

3 Reilly, JK., Miller, P.M., “Headform impact testing of plastic glazing materials’, SAE technical paper
# 930741
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with the injury assessment reference values defined by Mertz #°. The severity of the head injury
was estimated by computing the HIC values. The severity of the neck injury was estimated by
comparing the neck axial compression and axial tension loadsin the simulation with the reference
values. The severity of these loads also depend upon the duration of contact. The severity of the
neck injury was also estimated by comparing the neck flexion (forward rotation about y axis) and
extension (backward rotation about y axis) bending moments in the simulation with the Mertz’'s
reference values. The reference values are shown in Table 6.2. An injury value greater than the

Mertz s reference value shown in the table may indicate a potential for significant neck injury.

Table 6.2. Injury Assessment Reference Values for Hybrid 111 type adult dummies.

Head/Neck Interface Mid-Size male Small female
Axial Compression (N) 4000 for 0 msec 2668 for 0 msec
1100 for 30 msec 734 for 27 msec
Axial Tensile (N) 3300 for 0 msec 2201 for 0 msec
2900 for 35 msec 1934 for 31 msec
1100 for 45 msec 734 for 40 msec
Flexion Bending Moment (Nm) 190 104
Extension Bending Moment (Nm) 57 31

6.2. Rollover of a Toyota Pickup

A NASS reported accident of a Toyota pickup rollover was previously simulated by Wright

Patterson AFB °. The accident involved a pickup truck and a passenger car. They were both

* Mertz, H.J.;” Injury Assessment Reference Values Used to Evaluate Hybrid 111 Response
Measurements”, Attachment |, Enclosure 2 of GM submittal concerning the use of the Hybrid 111 in FMV SS 208;
February, 1984

® Mertz, H.J. and Patrick, L.M., Strength and Response of the Human Neck”, Fifteenth Stapp Car Crash
Conference; SAE paper number 710855; 1971.

6 Obergefell, L.A., Ma, D., Rizer, A.L.,”Dynamic Modeling and Rollover Simulations for Evaluation of
Vehicle Glazing Materials’, SAE technical paper number 950050, 1995
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moving in the same direction at about 96 kmph on afour lane highway. The passenger car made
a change to the center lane, where the pickup truck was traveling, and its left rear hit the right
front of the pickup. Because of this collision, the pickup made a sharp maneuver, initiating a
rollover coupled with ayaw rotation. The pick-up truck experienced three complete rolls before
it cameto rest. The belted driver occupant hit the side window glazing. The vehicle motion and
interior data from the ATB model were transformed to set up an equivalent MADYMO
simulation. The ATB simulations were run with a belted driver only to examine its interaction
with tempered glass, rigid plastic and laminated safety glass. The MADY MO simulations were
set up to further study the motion of an unbelted driver occupant during the rollover crash and
estimate the injury potential and retention capabilities of bilaminate glass-plastic glazing. For this
case, the vehicle handling motion was already available and it was not necessary to recreate it
using the VDANL program. The parametric ssimulation runs shown in Table 6.1, were set up with
a50th percentile Hybrid Il dummy seated on the driver seat. The results from the simulations

are discussed in the following sections.

6.2.1 Resultsfrom the Restrained Driver Occupant Simulations

For the restrained driver, significant contacts of head and shoulder with the left front glazing were
identified at alater time step in the smulations ( around 2000 msec). There was a series of minor
contacts of the dummy’ s head, left shoulder and left upper arm with the glazing before the severe
head contact occurred. Due to these contacts, the dummy’s velocity and orientation were
changed for different glazing materials. In all the simulations, the dummy moved to the left as
the vehicle madeitsfirst quarter roll. The resultant relative velocity of the dummy’s head in this
first impact with the glazing was about 5 kmph, which was not enough to break the tempered
glass. The occupant impact velocity seemed to increase in the subsequent impacts as the vehicle
made two completerolls. The maximum relative velocities of the head and upper torso at impact
with glazing were 20 kmph and 7 kmph, respectively. The lap belt kept the dummy close to the
seat. The shoulder belt pulled the dummy towards the left as the vehicle made its 5th quarter roll

to land on the driver side. The significant head contact of the dummy with the glazing occurred
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at that time. The dummy’s head, left shoulder and left upper arm contacted the glazing. The
maximum force was transferred to the glazing by the head, impacting it near the upper right

corner close to the Bpillar. The results from the simulations are tabulated in Table 6.3.

Table 6.3 Toyota pickup rollover - results from restrained Hybrid I11 driver occupant simulations.

Open Tempered PMMI Jeep Winds Dupont
HIC 78 200 276 369 217
Neck Comp. (N) 369 2413(glazing | 1994(glazing | 2256(glazing | 2927(glazing
Neck Tension (N) 925 1104 1192 1134 1072
Moment X (Nm) -27 -30 -25 45 32
Moment Y (Nm) * 21/-29 25/-36 23/-34 30/-33 23/-34
Moment Z (Nm) 27 12 9.7 11 11
Result H Acc (G's) | 29 94 87 122 108
Retention fail fail pass pass pass
Velocity (kmph) head =20 | head=20, upper torso=7
Head impact none left front glazing
Glazing Impact none left upper arm, left shoulder, head, face and chin

* Neck Flexion / Extension Bending moments

The HIC values obtained from the simulations without glazing, and with different types of
glazings were insignificant. These HIC values do not indicate a potential for severe head injury.
The severity of neck injury was estimated by comparing the maximum neck loads and moments
with the Mertz's reference values. The maximum axial compression loads on the neck for
tempered glass, rigid plastic and safety glass glazings, were well below the critical value specified
in the injury assessment reference by Mertz. The maximum axial compression load on the neck
was highest for the DuPont glass-plastic glazing. However, the compression load was still below
the critical value and may not produce severe neck injury. The tension load was inflicted on the
neck after the head rebounded from severe impact with the glazing (2000 msec). Again, the neck
tension loads were below the critical values defined by Mertz for all the glazing simulations. The

neck flexion bending moment and neck extension bending moment values were also less than the
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Mertz' s critical values for all the glazing simulations.

The maximum values obtained from the smulations were compared with the HIC 1000, Mertz's
criteriafor neck injury and occupant retention. For each criteria, the glazing performance was
categorized as pass or fail. Theinjury values are printed in bold numbers in the table for glazings
that failed the performance test. The results indicate that ‘no glazing' [rolled down window or
shattered tempered glass| and tempered glass glazing will allow partial ejection of a belted
dummy. The plastic and glass-plastic glazing will retain the belted dummy without causing a

severeinjury.

6.2.2 Resultsfrom the Unrestrained Driver Occupant Simulations

The unrestrained driver dummy moved more vigorously in the vehicle during the rollover. The
dummy’ s head contacted the front header, windshield, roof and front left side glazing. The most
severe contacts of the head occurred with the windshield and roof. The dummy’s head, lower
torso, left upper arm, and left shoulder contacted the left front side window glazing. The
maximum load of the dummy was transferred to the glazing by the lower torso contact. The
maximum resultant relative velocity of the head and upper torso were 20 kmph and 16 kmph,
respectively. There was a series of minor contacts of the dummy with the glazing before the
severe head contact occurred; hence, the maximum injury values are different for the simulations

with different glazings. The results from the simulations are tabulated in Table 6.4.



Table 6.4 Toyota pickup rollover - results from unrestrained driver occupant simulations.

Open Tempered PMMI Jeep Dupont
HIC Ejection 303 439 727 214
Neck Comp. (N) Ejection 6086 (header) | 5915 (header) | 6086 (header) | 5924(header)
500 (glazing) 1000 (glazing) | 1500 (glazing) | 500 (glazing)
Neck Tension (N) | Ejection 774 1285 1559 611
Moment X (Nm) Ejection 131 -222 -98 125
Moment Y (Nm) * | Ejection 110/-59 117/-76 115/-69 97/-66
Moment Z (Nm) Ejection -53 -50 -105 -70
Result H Acc Ejection 83 104 119 72
(G's)
Retention fail fail pass pass pass
velocity (kmph) head =5 h=20, upper torso = 16
Head impact none |eft side header, |eft front window, roof, windshield
Glazing Impact none lower torso, left upper arm, |eft shoulder, head

* Neck Flexion / Extension Bending moments
* Bold numbers represent failed performance criteria

All the simulations regardless of glazing type, produced moderate HIC values which
corresponded to the head contact with the roof. The axial compression load on the neck was
higher than the Mertz' s critical value for all the simulations. However, neck compression load
was received from the roof and front header contacts. The plastic and glass-plastic glazings
themselves did not cause any major injury to the dummy from direct contact and prevented
giection. In the simulation with the open window the unbelted dummy came out of the vehicle
in the first quarter roll. There were no major contacts of the dummy with the interior of the

vehicle before gjection. All other glazings retained the dummy inside the vehicle.

Theresultsindicated that the open window allowed occupant gjection in the first quarter roll of
the vehicle. The tempered glass glazing broke due to the lower torso impact at 2590 msec. The
rigid plastic, safety glass and glass-plastic glazings retained the unbelted dummy in the vehicle.
The gection mitigating glazings did not reduce the injuries to the dummy that were inflicted by

the windshield and roof. However, these glazings did not contribute to any new severe injuries
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to the dummy from the direct contacts. They prevented gection, thus reducing chances of

inflicting fatal injury to the dummy by external sources.

6.3. Rollover of a Toyota Corolla (CASE # 106 K, PSU # 11, Year 1992)

A 1986 Toyota Corollawas moving southbound at about 96 kmph on agravel road ’. The driver
lost control of the vehicle and ran off the right side of the road. The vehicle rolled six quarter
turns and ended up on itsroof. There were four occupantsin the vehicle. The belted driver was
retained in the vehicle with AIS 2 injury. The unrestrained front passenger ( a small teenager)
was gjected from the vehicle through the front right side window. He received AIS 1 abrasion
and laceration injuries to the head from windshield and sun visor contacts. He also received AIS
2 concussion injury to the head from the sun visor. After the ejection the occupant received AIS
1 abrasions on the back from dragging against the concrete. The rear left seat passenger was
gjected from the rear left side window. The data on the rear right side passenger was marked
unknown in the NASSfile.

For the baseline run, simulations were set up to predict the kinematics of the unrestrained front
passenger. The vehicle motion was reconstructed in two parts. First, the vehicle maneuvering
was simulated in VDANL software to obtain the linear and angular velocity of the vehicle at the
onset of rollover. Then, alumped mass model of the vehicle was created in MADYMO and its

linear and angular motions were simulated as it interacted with the ground.

The accident collision diagram of the rollover crash showed that the driver steered the vehicle
sharply to the left after it ran off the right side of the road. The vehicle lost its stability due to this
maneuvering and started to roll. Theinitial velocity (95 kmph) and change in steering angle (2
radians) with time were entered in the VDANL program for the vehicle model of the Toyota

Corolla. A number of simulations were run by changing the steering rate until the vehicle

" NASS report, PSU # 11, Case # 106K, Y ear 1992
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trajectory in the simulation matched the NASS report. This trajectory also lead to vehicle
instability and the vehicle started to roll at arate of 3.2 rad/s and with ayaw rate of 0.478 rad/s.
The longitudinal and lateral velocities of the vehicle at this point were 78 kmph and 11.3 kmph,
respectively.

A single segment MADY MO model of the vehicle was created. The inertial properties and
exterior dimensions of the vehicle were obtained from the MVMA specifications and VDANL
datasets. Contact ellipsoids were used to model the roof, bumper, and tire of the vehicle. The
angular and linear motions of the vehicle obtained from the VDANL program were used to drive
the MADYMO model. A number of simulations were run by changing the force deflection
properties and energy absorption coefficients for the vehicle and ground contacts, until the

number of rolls and final position of the vehicle in the simulation matched that in NASS case.

A MADYMO model of the vehicle interior and a 5th percentile female dummy was created to
simulate the kinematics of the occupant as it interacted with the interior of the rolling vehicle.
The linear and angular motions of the vehicle obtained from the vehicle model were used to drive
the occupant model. The NASS file indicated that the windows of the vehicle were shattered due
to the ground contact. Hence, no glazing was used in the baseline simulation. The unbelted
passenger made contact with the belted driver. An ellipsoid was placed on the driver seat to
model the belted driver. The occupant motion was defined relative to the vehicle. At the start
of rall, the velocity of the vehicle was reduced to 78 kmph from the initial velocity of 95 kmph.
Assuming that the unrestrained occupant will move forward with the same velocity as the initial
velocity of the vehicle, the occupant was given aforward velocity of about 15 kmph relative to
thevehicle. Thisforward relative velocity depends on the braking and avoidance maneuver of

the vehicle and could not be accurately computed from the available NASS data.

The simulations were also set up by replacing the 5th percentile female dummy with a 50th
percentile Hybrid Il dummy seated on the front passenger seat. All other parameters including

the motion of the vehicle were unchanged. These simulations were set up to predict the motion
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of a mid size occupant in the rolling vehicle. The results from the two sets of simulations are

discussed in the following sections.

6.3.1 Results from Unrestrained 5th Percentile Female Front Passenger Occupant

Simulations

The baseline simulation was run to match the occupant motion with the actual crash. The NASS
report indicated the occupant’s head contacted the windshield, front header, and Apillar before
being gected from the vehicle. The dummy’s contacts with the vehicle interior in the simulation
were matched with that in the actual crash. The unbelted dummy moved forward and then to the
right and made contacts with the windshield, and Apillar. Asthe vehicle continued to roll, the
dummy’ s head contacted the roof. The dummy was ejected from the vehicle at the sixth quarter
turn. The axial neck compression load (3372 N for 10 msec) due the windshield contact was
higher than the Mertz' sreference value and it occurred before the gjection. The NASS report did
not show any serious neck injury. The critical neck injury predicted in the simulation was due
to the dummy’s motion in the forward direction which resulted in a severe impact with the
windshield. As stated earlier the relative motion of occupant in the forward direction could not

be computed accurately from the available NASS data.

Due to the low severity of this accident, the simulations with different glazings showed no
significant difference in the kinematics and dynamic responses of the dummy. The maximum
valuesfor the injury criteriawere nearly the same for all the simulations with or without glazing.
The neck compression loads inflicted by the windshield, roof, and Apillar contacts were higher
than the Mertz' s critical values. These contacts resulted from the relative forward motion of the
dummy and occurred before any contact with the glazing was made. The dummy’s head, face,
and chin contacted the front right side glazing. These contacts were not as significant as
compared to contacts with windshield, roof and Apillar. All the glazings, including the tempered
glass, prevented dummy ejection without inflicting any additional injury by direct contact. The

contact forces between the dummy and tempered glass were not enough to break the glazing.
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The maximum relative velocity of the head at the impact with the side glazing was 15 kmph.

6.3.2 Resultsfrom Restrained 5th Percentile Female Front Passenger Occupant

The simulations for the 5th percentile female passenger were repeated after restraining the
dummy with athree-point belt system. The three-point belt system kept the dummy from hitting
the roof and windshield and prevented complete gjection. In the simulation with no glazing, the
dummy was partially gected with a head relative resultant velocity of 14 kmph. In the
simulations with glazing, the dummy’s head, right shoulder and right upper arm contacted the
right front side glazing. The maximum relative velocity of the head at the impact with the glazing
was 14 kmph. The relative resultant velocity of the upper torso was 7 kmph. The maximum
load was transferred to the glazing by the head contact at the upper right corner of the glazing
near the Bpillar, which occurred at about 1800 msec. The results from the simulations are
tabulated in Table 6.5.

Table 6.5: Toyota Corollarollover - results from restrained 5th percentile female passenger
occupant simulations

Open Tempered PMMI Jeep Dupont
HIC 13 259 156 307 342
Neck Comp. (N) 276 2119(glazing) 1021(glazing) | 2052(glazing) | 1781(glazing)
Neck Tension (N) 437 629 508 613 680
H Acc (G's) 17 93 56 100 104
Retention fail pass pass pass pass
Velocity (kmph) head =14 head=14, upper torso =7
Glazing Impact none right upper arm, right shoulder, head
Head impact none right front glazing

The HIC values obtained from these smulations were not significant and may not cause a severe
head injury. The axial neck compression and tension loads were below the Mertz’ s reference
values for al the glazing simulations. The results showed that the window without glazing

allowed partial gection of the dummy. All the glazings including tempered glass retained the
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dummy completely. The relative velocity of the head at the impact with the glazing was 14 kmph.

No serious injury was caused to the neck and head by the direct impact with the glazing.

6.3.3 Resultsfrom Unrestrained Hybrid 111 Front Passenger Occupant Simulations

To study the motion of a mid-size occupant in the same rollover, the 5th percentile female
dummy seated in the front passenger seat was replaced with a 50th percentile Hybrid 111 dummy.
The unbelted Hybrid I11 passenger dummy moved more vigorously in the vehicle during rollover.
The dummy moved forward and then to the side toward the right front window. In the simulation
with no glazing, the unrestrained Hybrid 11 dummy was ejected from the right front window of
the vehicle at the sixth quarter turn. The lower torso of the dummy came out first followed by the
upper torso and head. The dummy’ s head made contact with the front header, windshield, Apillar,
roof and top of the instrument panel. It received critical neck loads from the windshield and top
of the instrument panel contacts before the gection. Again, these neck loads were due to the
dummy’s motion in the forward direction and occurred before or at the onset of the rollover. The
maximum relative velocity of the head at the impact with windshield was 18 kmph. The results
aretabulated in Table 6.6.
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Table 6.6 Toyota Corollarollover - results from unrestrained Hybrid 111 passenger occupant

simulations

Open Tempered PMMI Jeep Dupont
HIC 277 295 155 166 262
Neck Comp. (N) 3197 6628(windshield) | 6084(windshield) | 6114(windshield) | 5980(windshield)
Neck Tension (N) | 2372 2357 2357 2357 2357
Moment X (Nm) 177 69 53 54 57
Moment Y (Nm) * | 131/-69 130/-77 130/-69 130/-69 130/-69
Moment Z (Nm) 438 438 438 438 438
Head Acc (G’s) 113 125 84 104 125
Retention fail fail pass pass pass
Velocity (kmph) head =13 | head=13, upper torso = 10
Glazing Impact none right upper arm, right shoulder, lower torso
Head impact Front header, A pillar, roof, windshield, top instrument panel

* Neck Flexion / Extension Bending moments

* Bold numbers represent failed performance criteria

In the smulations with glazing, the lower torso, right upper arm and right shoulder impacted the
glazing. The dummy’s head made contact with the front header, windshield, Apillar, roof and
top of the instrument panel but did not make any contact with the side glazing. In the simulation
with the tempered glass, the front right side glazing broke due to shoulder impact at about 1400
msec. Theimpact force from the lower torso was also high enough to break the tempered glass.
The neck compression loads and extension bending moments inflicted by the windshield and top
of the instrument panel exceeded the Mertz's reference values. The value of the axial
compression load on the neck varied in simulations with different glazings. The severe impact
with the windshield occurred after the dummy impact with the side glazing. In simulations with
plastic, safety glass and glass-plastic glazings, the dummy rebounded from the glazing impact
and hit the windshield and top of the instrument panel, receiving critical neck injuries. The HIC
was not significant and the value corresponded to the head contact with the windshield. Therigid
plastic, laminated safety glass and glass-plastic glazings retained the dummy in the vehicle.

Critical neck loads were received by the dummy after it rebounded from the side glazing impact
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and contacted the windshield. However, no severe injury was received by the dummy from the

direct contact with the side glazing.

6.3.4 Resultsfrom Restrained Hybrid 111 Front Passenger Occupant Simulations

A three-point belt system kept the Hybrid 111 dummy close to the seat and prevented complete
gjection from the front windows with no glazing. However, the dummy’s head was partially
gjected with arelative velocity of 15 kmph. In the simulations with the glazings, the dummy’s
head, right lower arm, right upper arm, and right shoulder contacted the glazing. The dummy’s
head also made contact with the right door header and roof. The maximum resultant relative
velocity of the head and upper torso at the impact with the glazing were 13 kmph and 9 kmph,
respectively. The right upper arm and right shoulder transferred the maximum load to the
glazing. The head made only minor contact with the glazing. The results are tabulated in Table
6.7.

Table 6.7 Toyota Corollarollover - results from restrained Hybrid 111 passenger occupant

simulations

Open Tempered PMMI Jeep Dupont
HIC 21 185 51 41 38
Neck Comp. (N) 1648 2090(glazing) | 1466(glazing) | 1757(roof) 1447(roof)
Neck Tension (N) | 508 1377 813 823 859
Moment X(Nm) 32 -47 -55 -49 -53
Moment Y (Nm) * 36/-21 38/-15 38/-15 38/-15 38/-15
Moment Z (Nm) | -8 -19 -16 -14 -14
Head Acc (G's) 21 99 27 34 28
Retention fail fail pass pass pass
Velocity (kmph) head =15 head=15, upper torso =11
Glazing Impact none right upper arm, right shoulder
Head impact roof roof and (or) glazing

* Neck Flexion / Extension Bending moments
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The HIC wasinsignificant in all the glazing simulations and was due to the head impact with the
roof. The maximum axial compression and tensile loads on the neck were lower than the critical
values. The neck moments were also less than the critical values for all glazing simulations. The
simulation with no glazing produced partial gection of the dummy. The tempered glass failed
due to right shoulder, right upper arm and head impacts. The rigid plastic, laminated safety glass
and glass-plastic glazings did not produce any serious injury to the dummy by direct contact and

prevented the partial ejection.

6.4. Rollover of a 1985 Volkswagen Jetta (NASS case # 147B, PSU # 02, Y ear 1992)

A 1985 Volkswagen Jetta was moving northbound on atwo lane highway at about 88 kmph. The
driver of the vehicle fell asleep and the vehicle left the road to the right, striking a rock
embankment. The vehicle overturned in the driving lane making four quarter turns. The belted
driver survived with an AlS 2 injuries. The unrestrained front passenger (size of a 50th percentile
Hybrid 111 dummy) of the vehicle was gjected from the right front window and was killed. He
received an AIS 2 fracture injury to the head from right Apillar impact prior to gection. In
addition he suffered fatal head injury possibly due to the ground contact. The vehicle' s side
glazings were disintegrated by the impact forces. The windshield was cracked by the occupant
contact. The NASS file identified the head contacts with the windshield, right Apillar and

instrument panel before the ejection &,

For the baseline run, simulations were set up to predict the kinematics of an unrestrained front
seat passenger ejected through the disintegrated right front window. Since the glazing was
disintegrated due to the ground impact prior to occupant gjection, the occupant glazing contacts
were not modeled. An approach similar to that described in section 5.3 for the Toyota Corolla
rollover was followed to obtain the linear and angular motions of the vehicle which closely
matched the vehicle trgjectory described in the NASS file. The information on the vehicle linear

8 NASS report, PSU # 02, Case # 147, Y ear 1992
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velocity, steering maneuver and number of quarter rollsin the complete rollover, was used to
describe the vehicle motion in the simulation. The impact of the vehicle with the rock

embankment was ignored in the VDANL simulation.

A MADYMO model of the vehicle interior and an unbelted 50th percentile Hybrid 111 dummy,
seated at the front passenger side, was created. The linear and angular motions of the rolling
vehicle obtained from the MADY MO vehicle model were used to drive the occupant model. The
parametric simulations discussed in section 6.2 were carried out. The same set of simulations
were repeated after restraining the dummy with athree point belt system. The results from two

sets of simulations are discussed in the following sections.

6.4.1 Resultsfrom Unrestrained Hybrid |11 Front Passenger Occupant Simulations

A baseline smulation was run to match the dummy’s motion with that in the actual crash. The
dummy moved forward and made contact with the instrument panel and windshield. As the
vehicle continued to roll the dummy’s head made contacts with the Apillar and roof [Figure 6.4].
The dummy was ejected from the vehicle at the fourth quarter roll. The maximum axial neck
compression load due to the windshield contact was higher than the Mertz’' s reference value and
it occurred before the gjection. The results are tabulated in Table 6.8.
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Table 6.8 Volkswagen Jetta rollover - results from unrestrained Hybrid 111 passenger occupant

simulations
Open Tempered PMMI Jeep Dupont
HIC 197 414 171 233 269
Neck Comp. (N) 3416(windshield) | 3416(windshield) | 3416(windshield) | 3416(windshield) | 3416(windshield)
500(glazing) 800(glazing) 800(glazing) 1000(glazing)
Neck Tension (N) | 821 1271 399 326 368
Moment X (Nm) 108 108 108 108 108
Moment Y (Nm) * | 84/-90 84/-90 84/-90 84/-90 84/-90
Moment Z (Nm) 68 68 68 68 68
Head Acc (G’s) 75 111 73 88 121
Retention fail fail pass pass pass
Velocity (kmph) head =22 head=18, upper torso = 16
Glazing Impact none upper torso, right upper arm, right shoulder, head
Head impact windshield, front header, right door header, roof

* Neck Flexion / Extension Bending moments

* Bold numbers represent failed performance criteria

In the simulations with the glazing, the dummy’s head impacted the windshield, right door
header, roof, and front right side window glazing [Figure 6.5]. The dummy’s upper torso, right
upper arm, right shoulder, and head impacted the front right side glazing. The right upper arm
and right shoulder transferred the maximum load to the glazing. The maximum relative velocity
of the head and upper torso at the impact with the side glazing were 22 kmph and 18 kmph,
respectively. Moderate HIC values were produced in al the glazing simulations. The time
interval for HIC computation corresponded to the head contact with the right door header in all
the glazing simulations. These HIC values may not cause any severe injury to the head. The
maximum neck compression loads, inflicted by the windshield contact, were the same for al the
glazing simulations and were greater than the critical values. These contacts occurred before any
major dummy contact with the side glazing. The neck injury received by the direct contact with
the side glazing was not significant. The axial neck tensile load and flexion bending moment on

the neck were well below the critical values for all the glazing simulations.
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